ABSTRACT: Cell death is a critically important biological process. Disruption of homeostasis, either by excessive or deficient cell death, is a hallmark of many pathological conditions. Recent research advances have greatly increased our molecular understanding of cell death and its role in a range of diseases and therapeutic treatments. Central to these ongoing research and clinical efforts is the need for imaging technologies that can locate and identify cell death in a wide array of in vitro and in vivo biomedical samples with varied spatiotemporal requirements. This review article summarizes community efforts over the past five years to identify useful biomarkers for dead and dying cells, and to develop molecular probes that target these biomarkers for optical, radionuclear, or magnetic resonance imaging. Apoptosis biomarkers are classified as either intracellular (caspase enzymes, mitochondrial membrane potential, cytosolic proteins) or extracellular (plasma membrane phospholipids, membrane potential, surface exposed histones). Necrosis, autophagy, and senescence biomarkers are described, as well as unexplored cell death biomarkers. The article discusses possible chemotherapeutic and theranostic strategies, and concludes with a summary of current challenges and expected eventual rewards of clinical cell death imaging.
■ INTRODUCTION
Cell death is an essential biological process that plays a vital physiological and pathological role within an organism. Programmed cell death is critical for the correct formation of organs and tissues during development and also functions to rid the body of cells that have been infected or damaged by pathogens. During our lifetime, over 99.9% of our cells will undergo cell death and be eliminated by the body, thus providing an important mechanism for maintaining homeostasis and a process for fighting disease.
1 Disruption of homeostasis, either by excessive or deficient cell death, is a hallmark of many pathological conditions including cancer, neurodegenerative disorders, cardiovascular diseases, autoimmune diseases, and others that are listed in Figure 1 .
2,3
Cell death is often divided into two distinctive processes, apoptosis and necrosis; however, there is increasing evidence for additional pathways such as autophagy, mitotic catastrophe, and senescence. 4−8 Apoptosis is characterized by classical morphology changes such as cytoplasm shrinkage, cell detachment, chromatin condensation, nuclear fragmentation, and the formation of apoptotic bodies. In contrast, necrotic cells exhibit increased cytoplasmic vacuolation, organelle degeneration, condensation of chromatin into irregular patches, and an increase in cell volume that results in irreversible rupture of the plasma membrane. Biochemically, apoptotic cell death includes activation of caspases, mitochondrial outer membrane permeabilization, DNA fragmentation, generation of reactive oxygen species (ROS), lysosomal membrane permeabilization (LMP), and exposure of molecular biomarkers such as phosphatidylserine (PS) on the outer leaflet of the plasma membrane. Unambiguous assignment of a cell death process is a challenging task, since different death processes can induce the same change in one biomarker. For example, PS exposure, ROS generation, and LMP are biomarkers associated with both apoptosis and necrosis. 9−11 There is also evidence for crosstalk between multiple death processes that are occurring simultaneously. 12 The ongoing efforts of a large international group of biomedical researchers are greatly expanding the collective understanding of cell death and its role in a range of diseases and therapeutic treatments. Central to these research and clinical efforts is the need for imaging and detection technologies that can locate and identify cell death in a wide array of in vitro and in vivo biomedical samples with vastly different spatiotemporal requirements (Figure 2) . Ideally, these technologies should be able to quantify the biomarkers that are specific for each cell death process. A common strategy for effective molecular imaging, especially in the clinic, is to employ a suitably designed molecular probe that is composed of a targeting group conjugated to a reporter group. In addition to the normal probe development challenges of obtaining high target selectivity and sensitivity, cell death imaging has the additional complication that it is a time-dependent process ( Figure 3) . A high-contrast image must be achieved within a specific window in time that will depend on the specifics of the cell death phenomenon under study. Therefore, a single cell death imaging probe will not likely be applicable for all types of imaging problems. A more realistic solution is a palette of cell death imaging methods with complementary operational attributes. The goal of this review is to summarize recent community efforts to identify useful cell death biomarkers for each type of cell death process and to develop molecular imaging probes and therapeutics that target these biomarkers. The focus is on methods that allow imaging of cell culture or living animals, and the scope does not include diagnostic assays or stains for biopsy or histopathology sections. Also not discussed are imaging methods that monitor changes in uptake of molecular probes for cell metabolism (e.g., 18 F-FDG, 11 Ccholine) or cell proliferation (e.g., 18 F-FLT). 13, 14 The emphasis is on recent advances that have occurred within the last five years; thus, the article builds on previous reviews. 15 −20 ■ CURRENT CELL DEATH BIOMARKERS AND
IMAGING MODALITIES
In Figure 4 is a short summary of currently validated cell death biomarkers for molecular imaging. A more detailed listing in Table 1 contains additional information including the imaging modality. Most cell death imaging studies employ one of three modalities: optical, radionuclear, or magnetic resonance imaging. These modalities have complementary properties that make them suitable for different types of in vivo imaging applications (Table 2) . 21 Optical imaging can be broken into two groups, fluorescence and bioluminescence. Fluorescence is well-suited for diagnostic and microscopy studies of cells and tissue sections. A rich assortment of targeted fluorescent probes has been developed, including fluorescent reagents that are activated by enzymes. 22 Bioluminescence imaging utilizes cells that have been genetically engineered to convert chemical fuel into light. This modality does not require an external light excitation source; thus, sensitivity and signal-to-noise ratios are typically greater than fluorescence imaging. 23 For in vivo studies of living animals, a major weakness with optical methods is the poor penetration of visible light through skin and tissue. This technical problem is mitigated by employing imaging probes or cells that emit deep-red or near-infrared light, but the light is scattered as it passes through the sample and the resolution of whole-body, live animal optical images is typically quite poor. 24 In comparison, radionuclear imaging methods such as positron emission tomography (PET) and single photon emission computed tomography (SPECT) provide much deeper tissue penetration and greatly reduced scattering of the emitted signal and, thus, are more attractive for many types of clinical applications. 25 However, the high cost, low throughput, and safety concerns associated with radionuclear imaging can be serious drawbacks. Magnetic resonance imaging (MRI) does not employ ionizing radiation and can produce high-resolution images of deep-tissue sites, but the technique is relatively insensitive. 26 Overall, optical imaging is often used for preclinical research studies employing cells or small animal models, whereas radionuclear and MRI are more suitable for most types of clinical imaging.
■ APOPTOSIS BIOMARKERS
Intracellular Apoptosis Biomarkers. Caspases. Caspases are a family of intracellular cysteine proteases that play an important role in the initiation and execution of apoptosis. 27 Caspases are typically divided into initiators (caspase-8, -9, and -10) that start the apoptotic cascade and effectors (caspase-3, -6, and -7, also known as executioner caspases), which are activated by the initiators. Furthermore, initiators are divided into caspases that participate in either the extrinsic (caspase-8 and -10) or intrinsic (caspase-9) apoptotic pathway. 28 Within the cell, caspases exist as zymogens that are converted by a proapoptotic signal into an active form. Initiator caspases are activated by homodimerization, whereas effector caspases are activated by cleavage of a catalytic domain.
Caspases selectively cleave protein or peptide amide bonds that are on the carboxyl side of aspartic acid residues. The catalytic mechanisms are similar to other cysteine proteases, and studies are ongoing to fully understand the molecular processes producing the enzyme activation, bond cleavage, and enzyme inhibition. 29 There are no clear-cut rules that predict the optimal substrate sequence selectivity for a specific caspase, but typically, initiator caspases recognize and cleave WEHD sequences while effector caspases recognize the DEVD motif. 28 The specificity of effector caspases for the DEVD sequence has been exploited by researchers to produce activatable molecular probes for optical imaging of apoptosis. The simplest molecular design incorporates a fluorescent donor/acceptor energy transfer pair that is separated by a cleavable peptide sequence. 30 Cleavage of the peptide disconnects the energy transfer and switches on the fluorescence emission signal only at spatial locations with high caspase levels. This imaging strategy has proven quite useful for high-throughput screening of drug candidates in cell systems 31 and microscopic visualization of chemotherapy-induced apoptosis in disseminated tumors. 32 Deployment of the method for in vivo imaging of apoptosis requires caspase activatable probes with two additional attributes, (a) ability to emit near-infrared light, and (b) ability to penetrate the cell cytosol within the time frame for caspase activation. 33 Both requirements were addressed in a study by Bullock et al. who synthesized a cell permeable activatable caspase substrate consisting of an all D-amino acid cell permeation peptide, RKKRRORRRG, conjugated to the Nterminus DEVDAPC caspase sequence. The recognition sequence was then flanked by a deep-red fluorophore and a spectral quencher to produce TcapQ 647 . The probe fluorescence was specifically activated by effector caspases and not initiator caspases, and was effective in cell culture and also amoeba-induced tumor cell death. 34 This probe was also used to image single-retinal ganglion cell apoptosis in an in vivo rat model of glaucoma. 35 The same research group produced a second-generation cell-penetrating caspase-activatable probe that contained a lysine-arginine-rich (KKKRKV) cell-penetrating peptide sequence and an L-amino acid cleavable domain. 36 This probe had essentially the same specificity and diagnostic properties as the first generation, TcapQ, but it was more biocompatible.
Polymer and nanoparticles are promising alternative scaffolds for enzyme activated imaging probes because they can present multiple fluorescent reporter groups and thus produce large changes in optical signal. The fluorophores are strongly selfquenched when they are attached to the scaffold, and a strong signal enhancement is produced when they are released by caspase cleavage. Strategies utilizing gold nanoparticle systems 37−39 and self-assembly nanostructures 40 have enabled direct observation of effector caspase activation and apoptosis in living cells. While all of these systems focus on measuring effector caspase activity, Huang and co-workers developed a nanoquencher system that could monitor the activities of different caspases simultaneously. 41 The nanoquencher was generated by incorporating different dark quenchers into a mesoporous silica nanoparticle, and then conjugating the nanoparticle with a set of fluorescent peptide substrates that were responsive to different caspases. Thus, the fluorescence is turned on at wavelengths that are specific to the caspase that is activated. Using multiplexed fluorescence microscopy, the nanoquencher enabled simultaneous visualization of caspase-8, caspase-9, and caspase-3 activation after TRAIL-induced apoptosis in HCT116 cells. Moreover, the system returned to a relatively "dark" state upon addition of caspase-8, caspase-9, and caspase-3 inhibitors, highlighting the high enzyme specificity.
Bioluminescence imaging can be achieved using the luciferase enzyme to promote an oxidation reaction, which in turn produces light that can be captured by a sensitive camera. The most common strategy for designing bioluminescent apoptosis constructs is to restore luciferase activity through structural changes upon caspase activation 42 (a less common, alternative approach is to utilize BRET, bioluminescence resonance energy transfer 43 ). Kanno et al. achieved luciferase activity restoration by designing a genetically encoded cyclic construct containing two fragments of a DnaE intein fused to the neighboring ends of FLuc connected by a DEVD sequence. Once translated, the cyclic peptide distorts the structure of the luciferase causing it to lose bioluminescence activity. 44 Cleavage by a caspase-3 enzyme converts the luciferase back to its active form and restores its activity. The cyclic luciferase was able to provide quantitative measurements of caspase-3 activity in response to external stimuli both in vitro and in a living rodent. Ray et al. developed a fusion protein, which encoded three different reporter proteins (producing bioluminescent, red fluorescent, and PET signals) linked by a DEVD peptide that can be specifically cleaved by active caspase-3. When tumor xenografts expressing this vector were treated with staurosporine, both the luciferase activity and the thymidine kinase PET activity increased by 2-fold compared to controls. 45 In a similar fashion, Niers et al. developed an apoptosis biosensor by using a caspase-3 cleavable sequence to link a green fluorescent protein to a Gaussia luciferase. The reporter was capable of monitoring apoptosis in real-time assays of whole blood. 46 A different approach was taken by Coppola et al. who adapted a split-firefly reporter to construct a fusion of N-and C-termini of luciferase connected by a caspase-3 cleavage site. 47 During apoptosis, caspase-3 cleaves the dark construct, which allows the two peptides to interact and restore luciferase activity through protein complementation. Treatment studies with tumor-bearing mice showed the utility of this reporter to report on the efficacy of combination and experimental therapies through dynamic, noninvasive imaging. In an alternate strategy, Promega Inc. developed a modified FLuc luciferase substrate, Z-DEVD-aminoluciferin, that acts as a luciferase substrate only when caspase-3 is activated and cleaves the DEVD sequence. Hickson et al. employed this technology to detect caspase-3 activation in response to chemotherapy in two preclinical oncology models without toxicity to the animals. 48 While bioluminescence imaging of caspase responsive reporters has attractive features for preclinical research, a central limitation for clinical translation is the need to genetically modify the cells of interest and introduce them into a living animal.
A promising approach to nuclear imaging of caspase activity employs selective and high affinity caspase inhibitors. Isatins are small molecule covalent inhibitors of activated caspase-3 and caspase-7 and thus attractive probe molecules for apoptosis imaging. 49 Nguyen et al. synthesized a radiolabeled isatin 5-sulfonamide ([ 18 F]ICMT-11) that was previously identified to have subnanomolar affinity for caspase-3. 50, 51 The study showed that increased cellular uptake of [ 52 Other researchers have reported new synthetic procedures to produce radiolabeled isatin analogues and identified promising probe structures that accumulate in mouse models of liver cell death. 53, 54 Another class of caspase inhibitors are peptide acyloxymethyl ketones, which work by alkylating the enzyme active site cysteine residue. 55 Edgington et al. developed fluorescently labeled acyloxymethyl ketone probes that bound irreversibly to the active site of caspase-3/7 and allowed noninvasive in vivo imaging of apoptosis kinetics in multiple mouse models. 56 While caspases are well-known as apoptosis biomarkers, it is important to realize that the biological functions of caspases can extend beyond apoptosis and include other cellular remodeling events. Caspase activation is required for erythropoiesis and the differentiation of keratinocytes, lens epithelial cells, and neurons. 57, 58 Moreover, caspase-3 can regulate B-cell proliferation and recently has been implicated in stem cell maintenance and differentiation. 59 The DEVD peptide sequence can also be cleaved by other cysteine proteases such as cathepsins and legumain. 60 As a precaution, researchers should complement caspase imaging with other biochemical techniques to ensure that they are monitoring caspase activity related to apoptosis.
Mitochondrial Membrane Potential. Mitochondria play a key role in the apoptotic cascade and a loss of membrane potential across the inner mitochondrial membrane (Δψ m ) accompanies the induction of cell death. 61 Lipophilic phosphonium cations are known to penetrate healthy cells and accumulate at mitochondrial membranes that have a strongly negative transmembrane potential. 62 During apoptosis, the electrochemical proton gradient across the inner mitochondrial membrane collapses causing a reduction in phosphonium cation tracer levels. 63 The 18 F-fluorobenzyl triphenylphosphonium cation ( 18 F-FBnTP) has been investigated as a PET imaging probe to detect alterations in mitochondrial membrane potential in vitro and in vivo. 18 FFBnTP was used to measure the pharmacodynamics of paclitaxel treatment in breast cancer cells, and the decrease in 18 F-FBnTP uptake coincided with other apoptotic biomarkers such as Bax expression and cytochrome c release. 64 A preclinical orthotopic prostate tumor treatment study showed significantly lower uptake of 18 F-FBnTP into a treated tumor compared to 18 F-FDG, a standard glucose-based probe that is used to measure the metabolic index of tumors. 64 These studies required excision of tissues and ex vivo audioradioagraphy in order to obtain 18 F-FBnTP quantification. Future studies will need to employ noninvasive, whole-body PET imaging to determine if 18 F-FBnTP can accurately measure the kinetics and extent of apoptosis in a living animal. Biodistribution studies in healthy animals showed high 18 F-FBnTP uptake in the kidneys, heart, and liver suggesting that these organs would provide a high starting signal for detection of apoptotic-related decreases. 65 Nonetheless, imaging methods that are based on signal decreases are technically less attractive than methods that are based on signal increases.
Other Intracellular Apoptosis Biomarkers. Although effector caspases are the most studied intracellular cell death biomarker, there is ongoing effort to identify other intracellular proteins as targets for cell death imaging. 66 The La antigen is an abundant protein that acts as a molecular chaperone for RNA polymerase III. La is believed to play an important role in the coupling of transcription and translation by acting as a shuttle between the nucleus and cytoplasm. 67 La is overexpressed in human malignant cells compared to normal cells, and an Laspecific monoclonal antibody (3B9) is able to identify this difference in expression levels. 68 In vitro and in vivo studies showed that the accumulation of 3B9 in the cytoplasm of dead cancer cells correlates with increasing DNA damage. 69 For this method to work successfully, the following biochemical steps have to occur: (1) overexpression of La in malignant cells, (2) cleavage and redistribution of the La antigen to the cytoplasm after DNA-damaging treatment, (3) antibody permeation through the disrupted membranes of dead/dying cells, and (4) "fixation" of the La antigen and 3B9 by transglutaminase 2-mediated protein cross-linking, which occurs during cell death. 68 Subsequent studies of a radiolabeled La-specific monoclonal antibody, APOMAB DAB4 clone, showed an ability to detect chemotherapy induced tumor apoptosis. 70 In a conceptually related manner, the 90 kDa heat shock protein (Hsp90) has also been targeted by a radiolabeled trivalent arsenical peptide, 4-(N-(S-glutathionylacetyl)amino)-phenylarsonous acid (GSAO) for noninvasive identification of tumor cell death. 71 Hsp90 contains a pair of highly conserved cysteines (Cys719 and Cys720) that can be selectively crosslinked by the GSAO probe. The high abundance of Hsp90 makes it an attractive target for sensitive molecular imaging; however, it appears that the cell membrane must be partially compromised for GSAO entry. It is not precisely known when, and by how much, plasma membrane permeability changes as a cell progresses from early-to late-stage apoptosis. The plasma membrane of an apoptotic cell has high integrity and is permeable to only a select group of small molecules, including nucleotides and cyanine dyes (due in part to caspase-mediated activation of the membrane channel protein, pannexin 1). 72 In contrast, the plasma membrane of a necrotic cell is completely disrupted with free access of small and large molecules to the cell interior.
Extracellular Apoptosis Biomarkers. Plasma Membrane Phospholipids. The plasma membrane of healthy mammalian cells has an asymmetric distribution of phospholipids. The membrane outer leaflet is composed primarily of the zwitterionic phospholipids, phosphatidylcholine, and sphingomyelin, and the exterior membrane surface is close to chargeneutral. Sequestered within the plasma membrane inner leaflet are phosphatidylethanolamine (PE) (20−40% of total phospholipid) and the major anionic phospholipid, phosphatidylserine (PS) (2−10% of total phospholipid). Loss of this asymmetric distribution during cell death, cell activation, or cell transformation leads to PS and PE exposure and the cell surface becoming anionic. The appearance of PS and PE on the cell surface appears to be a universal indicator of most types of cell death processes and thus high abundance biomarkers for cell death imaging. 73 There has been extensive effort to develop targeted imaging probes for exposed PS using appropriately labeled PS-binding proteins. 19 The most studied PS-binding protein is annexin V, a 36 kDa single chain protein that binds to PS in a Ca 2+ -dependent manner. Annexin V derivatives have been developed for in vivo imaging using SPECT, 74 PET, 75 MRI, 76 ultrasound, 77 and fluorescence 78 modalities and several have reached clinical trials. 79 Although many studies have produced promising results, there appear to be lingering technical questions about nonideal pharmacokinetics and probe production. 80−83 It is known that covalent attachment of different labels (e.g., fluorescent dyes, chelators for radionuclides) can significantly change the protein's binding properties and pharmacokinetics. The most studied conjugate of annexin V is 99m Tc-hydrazinonicotinamide-annexin V ( 99m Tc-HYNIC-annexin V), which has been tested for preclinical and clinical SPECT imaging of tumor response to treatment and other models of cell death. 84, 85 The simplest way to attach the HYNIC group is to treat annexin V with Nsuccinimidyl HYNIC. This method has a drawback in that the native annexin V has 21 lysine residues available for conjugation; thus, there is a statistical distribution of labels. To circumvent this problem, site-directed mutagenesis has been used to produce mutant proteins that can be cleanly labeled with controlled stoichiometry. One approach incorporates a reactive cysteine residue for labeling by thiol conjugation chemistry. 86 Introduction of the cysteine residue did not alter the apoptotic cell binding properties, and the mutant annexin probe showed a high level of kidney retention with lower accumulation in the spleen and liver. 87 Histidine-tagged annexin V variants have also been developed, and both pharmacokinetics and in vivo detection of cell death appear to be very similar to that of 99m Tc-HYNIC-annexin V. 88 Another bioconjugation method attached ethylenedicysteine to annexin V which enabled 99m Tc chelation. Clinical imaging of ten patients with breast cancer showed higher target to nontarget ratios in drug-treated tumors compared to nontreated tumors ( Figure 5 ). 89 The conjugation methods for developing SPECT versions of annexin V have nearly been exhausted; thus, future research to improve pharmacokinetics and clinical utility will likely evolve toward PET versions of annexin V or new targeting strategies. 79 Indeed, specific conjugation methods have been developed to produce 68 Ga, 11 C, and 18 F labeled versions of annexin V for PET imaging. 90−92 Annexin V conjugated with 18 F enabled visualization and monitoring of tumor cell death dynamics due to doxorubicin treatment. 93 Furthermore, 18 F-annexin V showed high uptake in the spleen and bone marrow of doxorubicintreated mice, which reflected drug-induced toxicity to these cells.
Recent work to improve annexin V image contrast includes the development of a pretargeting strategy using biotinylated annexin V and radiolabeled streptavidin. 94 The stepwise dosing process starts with an intravenous injection of biotinylated annexin V, which targets dead and dying cells. A subsequent injection of a limited amount of avidin protein rapidly associates with any free annexin V in the blood pool and clears it from the circulation. A third injection of radiolabeled streptavidin leads to visualization of the remaining biotinylated annexin V at the cell death target site. Annexin V is known to slowly penetrate into cells; thus, the timing between injection of biotinylated annexin V and radiolabeled streptavidin needs be optimized to ensure that enough annexin V remains on the cell surface to generate a useful target signal. 95, 96 Ungethum et al. utilized bioinformatics and protein−protein docking methods to create a structure/function relationship for annexin V internalization. 97 This information led to the production of an annexin V variant that remained on the cell surface of apoptotic cells, and performed better as a cell death pretargeting agent than wild-type annexin V.
Other PS-binding proteins have been labeled with reporter groups to produce promising cell death imaging agents. Synaptotagmin-I is a synaptic vesicle associated membrane protein that contains a C2A and C2B domain, the former of which is responsible for Ca 2+ -dependent binding to PS. Typically, the C2A domain is expressed and used as a recombinant glutathione-S-transferase (GST) fusion protein.
Radiolabeling C2A-GST with 99m Tc or 18 F produces imaging probes for visualizing cell death in animal models of myocardial infarction and anticancer treatment.
98−100 These radiolabeling procedures are typically performed through amine chemistry on the ε-amino group of surface lysine residues. There are 14 lysine residues in C2A and 35 in C2A-GST; thus, the labeled probes are expected to be a heterogeneous mixture of molecular species with different binding affinities. C2A variants containing His tags and/or a free cysteine have been developed for efficient and site-specific radiolabeling. 101 Alam and coworkers developed a site-directed mutant of C2A, C2Am, in which a serine residue that is distant from the PS-binding site was replaced with a single cysteine residue (S78C). 102 Flow cytometry showed that the fluorescently labeled C2Am had a 4-fold higher specific binding to cell death than a commercially available fluorescent annexin V, although annexin V labeled more apoptotic and necrotic cells. This lower binding of C2Am to viable cells should lead to lower nonspecific accumulation and higher target to background ratios at sites of cell death.
Lactadherin or MFG-E8, a glycoprotein secreted by macrophages, has a discoidin-type C2 domain that is responsible for stereospecific binding to PS in a Ca 2+ -independent manner. Yeung et al. generated a genetically encoded biosensor for PS by fusing a green fluorescent protein to the C2 domain of lactadherin. 103 In RAW264.7 cells, GFP-Lact-C2 bound to the cytosolic leaflet of the plasma membrane, endosomes, and lysosomes, and this binding was dependent on PS and not simply anionic charge. Lactadherin was capable of detecting progressively higher levels of exposed PS on the surface of stored platelets and proved to be effective at visualizing PSassociated morphological changes in platelets. 104 The increased sensitivity for exposed PS has prompted efforts to develop SPECT versions of lactadherin for cell death radioimaging. A 99m Tc-HYNIC-lactadherin conjugate was found to have the same biological properties of lactadherin, and biodistribution studies showed rapid clearance from the blood and accumulation in the liver. 105 Additional in vivo testing of this imaging probe seems warranted.
Because of their relatively large molecular sizes, proteins and antibodies have the intrinsic benefit of high binding affinity and high target selectivity, but imaging performance can be limited by stability problems, undesired organ distribution profiles, slow diffusion rates, and slow blood-pool clearance rates. The latter concern is especially problematic for imaging techniques with radioactive probes that have short half-lives and must be cleared rapidly so high contrast imaging can be achieved before the signal is lost. Compared to proteins, it is much easier to systematically fine-tune the pharmacokinetic properties of small molecules, and it is highly advantageous to develop small molecule imaging probes that exhibit the same targeting capabilities as proteins. With these thoughts in mind, investigators have searched for low-molecular-weight molecules that exhibit high and selective PS-binding affinity. Several research groups have independently employed phage panning technology to find different small peptides (hexamers to decamers) that bind exposed PS with nanomolar dissociation constants. Burtea and co-workers screened an M13 phage display library on PS-coated plates and identified a hexapeptide (LIKKPF) with high PS binding affinity but only modest phosphatidylserine/phosphatidylcholine selectivity. 106 Labeling the peptide with a Gd-diethylene triamine pentacetic acid (DTPA) complex produced a targeted MRI contrast agent that was able to visualize cell death in atherosclerotic plaques and in a liver apoptosis mouse model. In an effort to increase probe sensitivity and alleviate possible in vivo toxicities related to gadolinium conjugates, the same group attached another PSbinding hexapeptide (TLVSSL) to ultrasmall superparamagnetic iron oxide particles (USPIO). 107, 108 In vivo MRI showed that peptide USPIO particles were able to detect increased apoptosis in tumors subjected to radiation and different chemotherapeutic regimens and in an animal model of atherosclerosis. 109, 110 A second research group independently identified CLSYYPSY as a novel PS-interacting octapeptide.
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A fluorescein labeled version of this peptide specifically homed to the tumor vasculature and apoptotic tumor cells in xenografts treated with camptothecin. Interestingly, the researchers found that a cyclized form of the peptide exhibited more specific binding to apoptotic cells than the linear form. A third group identified a phage projecting 12-mer peptide (SVSVGMKPSPRP) that selectively bound to PS exposed on red blood cells and apoptotic cells. 112 Most recently, Xiong and colleagues used rational design to identify a PS-binding14-mer peptide that was derived from the PS-binding site within a PS decarboxylase enzyme. 113 Modification of the peptide with a 99m
Tc chelating group enhanced PS binding affinity to give a nanomolar dissociation constant, while enabling ex vivo radioimaging of tumor cell death produced by paclitaxel treatment. Significant accumulation of the peptide probe in the liver and kidney likely prevented effective in vivo wholebody SPECT imaging of cell death. Using an alternative, rational design approach, Zheng and co-workers developed a new class of cyclic peptides that mimic the PS-binding domain of lactadherin. 114 These cyclic peptides have micromolar association constants for membrane with exposed PS, and produce selective staining of apoptotic cells in culture.
The group of Smith and co-workers have pursued synthetic zinc dipicolylamine (ZnDPA) coordination complexes as an alternative approach to PS-targeting. The membrane association process utilizes a three-component assembly process where Zn 2+ ions mediate cooperative association of the dipicolylamine ligand and the anionic headgroup of membrane-bound PS. Functionally, this is similar to the way that Ca 2+ ions act as cofactors for membrane association of annexin V. Initial work showed that a fluorescein labeled ZnDPA can distinguish dead and dying mammalian cells from healthy cells in cell culture. 115 To enable in vivo imaging of cell death, a synthetic fluorescent near-infrared probe, PSS-794, was developed and shown to target the necrotic foci of tumors in living rodents. 116 The versatility and effectiveness of PSS-794 as an in vivo cell death imaging probe was exemplified in animal models of tissue damage, thymus atrophy, antitumor treatment, and traumatic brain injury. 117 Tc(CO) 3 -ZnDPA probe and characterized their potential as SPECT cell death imaging agents using anti-Fas liver apoptosis and myocardial ischemiareperfusion injury mouse models. 122 Both models showed that the probes targeted cell death; however, selective uptake was low, while significant accumulation occurred in the liver and GI tract. Surman et al. developed a ZnDPA lanthanide complex for visualizing anionic membranes through MRI. 123 Gd-ZnDPA selectively targeted apoptotic cells in culture as measured by both MR relaxation rate and signal intensity, and both parameters were dependent on probe concentration. An earlier approach conjugated ZnDPA containing peptides to a magnetofluorescent nanoparticle for detection of apoptotic cells in culture. 124 Expanding on this molecular design strategy, Oltmanns and co-workers have developed a 18 F conjugated Zncyclen probe for PET imaging of treated tumors in rodent model. 125 Both radiation and taxol treated tumors had higher levels of Zn-cyclen probe than their nontreated controls; however, most of the probe accumulated in the liver and other organs. Optimization of the pharmacokinetics needs to be resolved before ZnDPA and Zn-cyclen probes can be considered for clinical trials.
In addition to targeting surface exposed PS, it appears that probes targeting surface exposed PE are also effective cell death imaging agents. Duramycin, a 19-amino-acid, disulfide crosslinked peptide that binds to membrane bound PE with high affinity and high selectivity, has been the most studied peptide for PE imaging. 126 Covalent modification of duramycin with HYNIC and 99m Tc enabled SPECT imaging of acute cardiac cell death as early as 10 min after probe injection, while providing a favorable pharmacokinetic profile. 127 In irradiated cells, PE is simultaneously exposed with PS on the cell membrane surface, and this pattern of exposure and colocalization is maintained over time. 128 Furthermore, Stafford and Thorpe used biotin and near-infrared fluorescent versions of duramycin to detect exposed PE on the surface of tumor endothelium. 129 Recently, a member of the CD300 family of receptors, CD300a, was shown to specifically bind to PE and PS exposed on dead and dying cells. 130 Further studies should look at the utility of a labeled CD300a protein for imaging cell death and/or the tumor endothelium. Targeting plasma membrane phospholipids has proven to be a successful strategy for imaging cell death; yet, the imaging information that is gained by targeting these biomarkers is somewhat limited. Probes targeting PS and/or PE cannot usually distinguish apoptosis from necrosis since the phospholipids are exposed during both cell death processes. Furthermore, nonapoptotic cells such as activated lymphocytes, tumor endothelial cells, tumor cells, and microvesicles are known to display PS on their cellular surfaces.
131−134
Cell Surface Exposed Histones. Apoptotic cells are known to be a source of DNA fragments, nucleoprotein complexes, and histones that drive the production of autoantibodies in certain autoimmunity conditions such as lupus. Histones are normally organized into nucleosomes (H2A, H2B, H3, H4) or located on the internucleosomal DNA (histone H1) in mammalian cells. During apoptosis, the histones are released from the cytoplasm and subsequently transported to the plasma membrane where they are accessible for recognition by professional phagocytes. 135 The translocation of histone H1 from the nucleus to the cytoplasm and cell surface occurs in the early stages of apoptosis and is mediated by caspases. 136 With this process in mind, Wang et al. utilized phage display to identify CQRPPR hexapeptide (Apopep-1), which bound to histone H1 exposed on the surface of apoptotic cells. 137 Fluorescently labeled Apopep-1 effectively targeted dead and dying cells within tumor tissue, and probe accumulation increased when tumors were treated with anticancer drugs. The Apopep-1 peptide was also shown to detect dying neurons in a preclinical mouse model of Parkinson's disease. 138 Other Plasma Membrane Biomarkers. The family of small molecule probes produced by Aposense Inc. appear to be promising detectors of apoptosis in living animals. One of the initial compounds, N,N′-didansyl-L-cystine (DDC) was shown, using fluorescence microscopy, to accumulate in dead and dying cells in a rodent stroke model. 139 Autoradiography using 3 H-DDC corroborated the fluorescence results by showing accumulation in the ischemic regions of the brain. Ex vivo fluorescence microscopy of histological samples showed DDC staining of damaged tissue from traumatic brain injury and chemotherapy-induced enteropathy. 140, 141 The DDC is proposed to selectively accumulate inside apoptotic cells due to plasma membrane depolarization and activation of scramblase proteins on the cell membrane. A technical drawback with this fluorescent probe is the short wavelength, dansyl fluorophore, which is not highly suitable for cell microscopy or animal imaging. Another dansyl derivative, DFNSH, has also been shown to accumulate in the cytoplasm of dead and dying cancer cells. 142 Radiolabeling of this dansylhydrazone with 18 F enabled visualization of ketamine-induced neurotoxicity in rat brains via PET imaging. 143 Aposense Inc. has developed ML-10 as another low-molecular-weight detector of cell death based on the alkyl-malonate group from γ-carboxyglutamic acid. ML-10 showed intracellular uptake in apoptotic cells and did not accumulate in cells where the membrane had been disrupted; thus, the probe could be used to identify cells in early-stage apoptosis. 144 The mechanism of ML-10 uptake is hypothesized to be the result of membrane depolarization and acidification during early apoptosis. To facilitate PET imaging of apoptosis, ML-10 was radiolabeled with 18 F. 145 In a experimental cerebral stroke mouse model, 18 F-ML-10 had a 2-fold higher uptake in the affected cerebral hemisphere and a 6-to 10-fold higher uptake in the region of the infarct, which was validated by histological evidence of cell death. These results prompted a clinical study evaluating the dosimetry, biodistribution, stability, and safety profile of 18 F-ML-10 in healthy humans. 146 Administration of 18 F-ML-10 appeared to be safe and the probe exhibited high in vivo stability. Most recently, 18 F-ML-10 was shown to enable early assessment of brain metastases response in a cohort of 10 oncology patients given whole-body radiation therapy ( Figure 5) . 147 Overall, 18 F-ML-10 appears to be a very promising cell death imaging probe for clinical use in humans. However, it is worth noting that a radioiodinated version of ML-10 was not useful for apoptosis imaging. 148 This suggests that the cell targeting mechanism for this probe family needs to be fully elucidated so that the probe structure can be rationally modified for specific apoptosis imaging applications.
■ NECROSIS BIOMARKERS
Necrosis is often classified as an uncontrolled, accidental process that occurs as the result of physical or chemical insult. However, under certain circumstances a programmed form of necrosis can occur, termed necroptosis. Furthermore, in the absence of efficient cell removal by the immune system, late stage apoptotic cells will subsequently undergo secondary necrosis. Primary and secondary necrosis differ in the time taken for rupture of the plasma membrane and release of intracellular molecules into the extracellular environment. The released molecules, along with changes in intracellular metabolism, can be targeted as biomarkers for necrosis imaging. 149 However, it must be remembered that many biomarkers, like PS exposure, are common to both apoptosis and necrosis and additional imaging data is needed to distinguish them.
A common biomarker for necrosis is the intracellular DNA that becomes accessible after disruption of the cell plasma membrane. Propidium iodide, a fluorescent DNA binding dye, is routinely used in flow cytometry as a secondary marker for necrosis. There appears to be no published studies using this dye for whole-body in vivo necrosis imaging; however, laboratories have used other DNA binding molecules to target necrosis in living animals. Dasari et al. developed a fluorescent necrosis probe by conjugating a near-infrared IR-786 dye to Hoechst, a biocompatible DNA binding agent. 150 The Hoechst-IR probe was shown to distinguish viable cells from dead and dying cells with permeable membranes. When evaluated in necrosis-inducing myocardial infarction and sepsis in vivo models, Hoechst-IR allowed whole-body fluorescence imaging of necrotic tissue. Garanger et al. synthesized a multimodal DNA-binding agent by appending a gadolinium chelating DTPA to TO-PRO-1, which binds to DNA though electrostatic interactions with the phosphate backbone. 151 The Gd-TO probe did not accumulate in viable cells, but showed increased T 1 relaxivity and fluorescence intensity in camptothecin treated cells. The utility of Gd-TO for in vivo necrosis imaging was tested in a permanent myocardial infarction mouse model. 152 Gd-TO allowed visualization of acute necrosis as well as the progression and clearance of necrotic cells from the ischemic myocardium. It is likely that other necrosis imaging probes can be produced using this general strategy of conjugating an imaging contrast agent to a DNA binding molecule, although it is possible that they may suffer from toxicity problems. radiofrequency ablation therapies. The most studied of these compounds is hypericin, which is a nonporphyrin photosynthesizer derived from the plant genus Hypericum. A radiolabeled derivative of hypericin, mono 123 I-iodohypericin, allowed visualization of necrotic liver tissue after systematic injection. 154 A less lipophilic version of mono 123 I-iodohypericin, containing a carboxylic acid, was reported to exhibit faster blood clearance and be better suited for whole-body imaging of necrosis. 155 Pretargeting strategies using biotinylated hypericin and 123 I-avidin have been applied for necrotic tumor imaging; however, a problem was poor penetration of the 123 I-avidin into necrotic tissue. 156 The inherent fluorescence properties of hypercin have also been exploited for microscopic necrosis imaging.
157, 158 Recently, a 64 Cu-bis-DOTA-hypericin was used to assess antitumor therapeutic efficacy induced by photothermal ablation. 159 SPECT and PET derivatives of pamoic acid have been used in vivo and ex vivo to delineate necrotic tissue from viable tissue. 160, 161 The targeting mechanisms for these compounds and other necrosis probes are not well-known, and may vary with molecular structure. 162, 163 Much attention has been focused on developing biomarkers for necroptosis imaging since it has an important role in numerous biological and pathophysiological settings. 164 Necroptosis can be initiated by the same signaling ligands as apoptosis, though its morphological features are characteristic of pathological necrosis, and it is highly dependent on the activation of receptor-interacting protein-1 (RIP-1) and/or receptor-interacting protein-3 (RIP-3). 165, 166 Downstream events of RIP-1 and RIP-3 activation include cytosolic ATP depletion, ROS overproduction, activation of calpains and cathepsins, and lysosomal membrane permeabilization. 164 Currently, only a few of these biomarkers have been investigated as molecular imaging targets. For example, Vanden Berghe et al. utilized a commercially available ROS indicator (CM-H 2 DCFDA), a mitochondrial transmembrane potential probe (TMRM), and a lysosome imaging agent (LysoTracker Red DND-99) to investigate the occurrence of necrosis signaling events via live-cell fluorescence imaging. 167 It is worth noting that cathepsin B is one of the enzymes that is released and activated during lysosomal membrane permeabilization, and that cathepsin B activatable fluorescent probes, Cat B 680 FAST and Cat B 750 FAST, are commercially available from Perkin-Elmer. These probes have been validated for whole-body imaging in animal models of cancer 168 and inflammatory-related diseases; 169 however, they have not yet been evaluated in cell death animal models. Cathepsin B inhibitors, such as CA-074 methyl ester, may also be effective for visualizing cell death when labeled with a reporter group. 170 An enzymatic inhibitor of RIP-1 kinase, necrostatin-1, has been discovered to protect against necroptotic cell death both in vitro and in vivo. 171, 172 This suggests that necrostatin-1 and other necrostatins may be effective molecular scaffolds for the development of imaging agents that are specific for necroptosis. As stated previously, differentiating cell death pathways can be quite challenging and typically requires careful monitoring of the temporal changes in biomarkers. 173 
■ AUTOPHAGY BIOMARKERS
Autophagy is a programmed biological process where cytoplasmic structures are degraded in lysosomes. At present, autophagy can be divided into three forms, macroautophagy, microautophagy, and chaperone-mediated autophagy, with macroautophagy as the most-extensively studied. Macroautophagy is mediated by special double-membrane vesicles called autophagosomes, which engulf cytoplasmic constituents and deliver them to lysosomes for degradation. Macromolecules generated from the lysosomal degradation are then delivered to the cytosol and reused for energetic or biosynthetic processes.
The initiation and regulation of autophagy relies on a set of Atg proteins that are required for the formation of the autophagosome. The Atg proteins are conserved among highly distant species including yeast and humans. The microtubuleassociated protein light chain 3 (LC3), a mammalian homologue of yeast Atg8, is known to exist on autophagosomes, thus it has served as a molecular marker for autophagosomes and subsequently autophagy. 174 Tagging LC3 with a green fluorescent protein has proven to be an effective technique for visualizing and quantifying punctate intracellular structures in living cells and in different model organisms including mice and Drosophila. Imaging in larger organisms requires excision of target tissues followed by fixation for fluorescence microscopy. While this technique is useful for evaluating the number of autophagosomes, it may not always be an indicator of autophagic activity. The accumulation of LC3-positive autophagosomes may be the result of increased initiation of autophagy or decreased autophagic degradation, caused by defects in lysosomal fusion or degradation. 173 Studies using static imaging techniques should always include autophagic flux measurements that can discriminate between efficient and arrested autophagy. The various methods to assess autophagy have been discussed in recent review articles. 174, 175 A point of current debate is whether cell death is mediated by autophagy (autophagic cell death) or occurs along with autophagy. In most cases, autophagy plays a cytoprotective role in response to cellular stress. However, there are reports of systems where autophagy appears to be responsible for cell death. 176, 177 Factors that make it difficult to assess the contribution of autophagy to cell death, include (a) misdiagnosis of autophagy, (b) increased number of autophagosomes might represent increased initiation or decreased autophagy, (c) lack of specific inhibitors for autophagy, (d) autophagy inhibition may result in changes in morphology or rate of dead cell degradation, and (e) quantitative discrepancy between the magnitude of autophagy inhibition and cell death inhibition. 178 The molecular connections between autophagy and cell death are complex and poorly understood; thus, researchers have proposed criteria that must be met in order to use the term "autophagic cell death". These include (a) prevention of cell death by inhibition of the autophagic pathway by chemical and/or genetic means and (b) increase in autophagic flux, not just an increase in autophagy markers. 179 Studies involving the inhibition or deletion of multiple Atg genes could delineate whether autophagy is mediating cell death in a specific biological context. Understanding the interplay between autophagy and cell death processes could facilitate the development of drugs that manipulate autophagy in cancer and other diseases.
■ UNEXPLORED CELL DEATH BIOMARKERS
While a wide variety of molecular imaging agents show avidity for dead and dying cells and tissue, there are additional biomarkers that could be exploited as whole-body cell death imaging probes. One example is High Mobility Group Box 1 (HMGB1), which is a nonhistone nuclear protein that is passively released into the extracellular environment during Bioconjugate Chemistry primary and secondary necrosis. 180 When released, HMGB1 acts as a signaling molecule that can interact with a number of pattern recognition receptors, producing a pro-inflammatory environment.
181 HMGB1 levels are elevated in both mouse models and clinical patient samples, and therapeutic intervention with HMGB1 specific antibodies has been shown to rescue mice from lethal sepsis. 182 Additionally, an anti-HMGB1 monoclonal antibody effectively reduced bloodbrain-barrier disruption and inhibited brain edema during ischemic insult. 183 Antibodies are commonly used for wholebody imaging for cancer and other disease states, thus it may be feasible to develop a suitably labeled anti-HMGB1 antibody for necrosis imaging.
The surface exposure of calreticulin (ecto-CRT) has been found to be an important signal for the induction of an immunogenic cell death response. Calreticulin is a Ca 2+ -binding protein that is largely found in the lumen of the endoplasmic reticulum and has been implicated in many diverse functions from regulation of calcium metabolism to cellular adhesion. 184 Upon treatment with anthracyclines or ionizing radiation, cancer cells undergo immunogenic apoptosis where calreticulin is transported to the surface of the cell from the lumen of the ER. 185 The ecto-CRT precedes the exposure of PS and other morphological features of apoptosis and associates with PS at later stages of apoptosis. 186, 187 Recently, Jung and co-workers used a fluorescently labeled anti-CRT mAb to noninvasively monitor immunogenic cell death during antitumor treatment. 188 While these results are promising, careful consideration should be used when selecting CRT as a biomarker for cell death. Ecto-CRT can be found on a subset of cells that are not undergoing immunogenic apoptosis including erythrocytes and immune cells. 186, 189 Moreover, not all chemotherapeutic agents induce calreticulin exposure on the surface of cells. 185 Senescence represents a cellular stress response that leads to irreversible cell arrest, which can be induced to counteract disease initiation. 190 A number of characteristics aid in the identification of senescence such as activation of key effector pathways, morphological changes, loss of proliferation, senescence-associated heterochromatic foci production and increased expression of cell cycle inhibitors (p16 INK4A , p15 INK4B , p21, and p53). 191, 192 The most widely used biomarker for identifying senescence is senescence-associated β-galactosidase (SA-βgal) activity, which is derived from lysosomal β-galactosidase. Both chromogenic and fluorogenic substrates have proven useful for detecting SA-βgal activity in cell culture, excised tissue, and histological sections; however, their in vivo utility remains unknown. 193, 194 A number of β-galactosidase substrates have been developed and validated for reporting gene expression in vivo using optical, 195, 196 radionuclear, 197 and MR imaging modalities. 198 Recently, a 18 F-labeled antisense oligonucleotide was evaluated in vitro for its ability to measure alterations in p21 expression due to cellular irradiation. 199 To our knowledge, these imaging substrates have not been evaluated in animal models of senescence. When conducting imaging studies to identify senescence, more than one biomarker should be targeted since a single marker cannot indisputably identify a senescent cell in vitro and in vivo. 191 Moreover, the choice of biomarkers will likely depend on the disease state and the model system of interest.
■ THERAPEUTIC STRATEGIES USING CELL DEATH BIOMARKERS
In addition to molecular imaging, cell death biomarkers are potential targets for therapeutic treatments. PS on the cell surface of apoptotic cells acts as an "eat-me" signal for the mononuclear phagocyte system. 200 Generally, macrophages will quickly ingest the apoptotic cells and release an antiinflammatory response, which can promote tumor growth when apoptotic tumor cells are ingested. If the apoptotic cells are not efficiently cleared by the body, then they can enter secondary necrosis. During secondary necrosis, the plasma membrane becomes irreversibly permeable causing the release of damage associated molecular patterns such as HMGB1, heat shock proteins, SAP130, and so forth. 181 The release of damage associated molecular patterns allows dendritic cells to take up antigens from dead cells, in addition to inducing a costimulatory effect toward these cells. These antigens can promote a specific immune response against apoptotic and necrotic cells. Thus, it is advantageous to shift the clearance of dead and dying cells from macrophages to dendritic cells when developing treatments against cancer and other diseases. Munoz et al. used annexin V to determine if blocking PS could make apoptotic cells immunogenic in vivo. 201 They found that annexin V inhibited cell phagocytosis by monocytederived macrophages, thus causing a change in the immunogenicity of apoptotic and necrotic cells. When incubated with irradiated, apoptotic tumor cells, annexin V partially blocked the cell clearance from macrophages causing the tumor cells to undergo secondary necrosis and be taken up by dendritic cells. 202 The presence of annexin V with irradiated tumor cells promoted a pro-inflammatory environment. Challenging lymphoma tumor bearing mice with annexin V and irradiated tumor cells led to inhibition of tumor growth in 60% of mice, whereas irradiated tumor cells alone only stopped growth in 5% of mice. Interestingly, vaccination with annexin V alone caused a reduction in colorectal tumor growth suggesting that molecular targeting of PS in and around the tumor may induce tumor cell death. Indeed, antibodies that specifically bind to PS exposed on the stressed tumor endothelium have been shown to suppress tumor growth in multiple tumor types. 203−205 In addition, mutants of MFG-E8, a bridging molecule that promotes phagocytosis by targeting PS on apoptotic cells and integrins on phagocytes, have been shown to have immunomodulatory properties. 206 Taken together, molecular targeting of PS on stressed and apoptotic cells may be an effective strategy for initiating a pro-inflammatory milieu and suppressing tumor growth.
Histone H1 is an alternative molecular marker of apoptotic cells that can be targeted for drug delivery into tumors. During chemotherapy, tumor cells typically undergo apoptosis, which subsequently increases the levels of cell surface apoptosis biomarkers such as histone H1 and PS. Wang et al. demonstrated an interesting theranostic strategy by preparing doxorubicin-loaded liposomes that were labeled with the histone H1 targeting peptide, Apopep-1. 207 The strategy is summarized schematically in Figure 6 . After dosing, the liposomes target the sites of endogenous cell death within a tumor, and if the tumor is responsive to the drug, more cell death occurs. Thus, with every additional treatment, the level of cell death biomarker in the tumor increases and enhances tumor drug delivery. Using a lung tumor xenograft mouse model, the researchers showed that histone-targeted liposomes Bioconjugate Chemistry (Apopep-1-DOX) inhibited tumor growth better than folatetargeted and untargeted liposomes. Histone-targeted liposomes that were loaded with a near-infrared dye instead of doxorubicin had higher accumulation in Apopep-1-DOX treated tumors than tumors treated with untargeted liposomes suggesting that these nanoparticles could be used to monitor treatment response. The most recent refinement of this histone-targeted strategy is a cancer immunotherapy study that labeled the surface of T cells with Apopep-1 and found enhanced homing of the cells to doxorubicin-treated tumor. 208 This apoptosis-targeted drug and cell delivery strategy may be applicable to other cell death biomarkers, especially those exposed on the cell surface such as PS. Another possibility is to target the biomarkers that induce senescence.
209,210
Instead of inducing cell death, there is growing interest in the opposite chemotherapeutic effect of inhibiting cell death. This strategy should be useful for treating diseases associated with excessive cell death such as neurodegenerative diseases, sepsis, cardiovascular diseases, and ischemic injuries. 211, 212 Inhibition of caspases during stroke, cardiovascular diseases, and liver failure has proven to be efficacious, and a few caspase inhibitors have entered clinical trials. 213 Recently, Huang and co-workers showed that activated caspase-3 in dying tumor cells can stimulate cell proliferation through the release of soluble lipid messengers, suggesting that caspase inhibitors may also be useful in combination with other chemotherapeutics to prevent tumor recurrence. 214 Researchers have also targeted other biomarkers in the apoptosis pathway. Becattini and co-workers designed a small molecule capable of inhibiting the proapoptotic protein, Bid. 215 An alternative approach delivers the antiapoptotic peptides, Bcl-x L and BH4, into cells and decreases apoptosis in animal models of sepsis, total-body irradiation, and stroke. 216−218 Pharmacological modulation of nonapoptotic cell death pathways is another strategy for rescuing dead and dying tissues from pathological diseases. Necrostatin-1, a potent inhibitor of necroptosis, decreases injury and improves functional outcome in mouse models of traumatic brain injury, hypoxic-ischemic injury, and Huntington's disease. 219−221 In principle, all of these cell death inhibition strategies could be improved by using in vivo drug delivery strategies that selectively deliver the chemotherapeutic agent to the appropriate anatomical sites undergoing cell death.
■ CLINICAL IMAGING OF CELL DEATH: CURRENT CHALLENGES AND LIKELY REWARDS
While there has been considerable progress over the last five years, in vivo cell death imaging remains one of the most important unsolved problems in clinical molecular imaging. To be successful in the clinic, many technical challenges must be overcome. First, imaging probes need to accurately detect the spatial and temporal occurrence of specific cell death processes. Diseased tissues such as cancerous tumors are highly heterogeneous and these different cell types can respond differently to treatment. Knowing which cells are undergoing cell death during treatment and where they are located within the tumor will help increase treatment efficacy. The time course for cell death will likely vary with the type of treatment and individual patient response. Currently, cancer therapeutics are assessed using RECIST (Response Evaluation Criteria in Solid Tumors) which is based on measurements of tumor size and is susceptible to incorrect conclusions. 222 The clinical standard of care can likely be improved by incorporating robust molecular imaging methods that evaluate tumor response. 223, 224 In other disease areas, the pharmacological challenges for successful cell death imaging are different. For example, neurological disorders require imaging probes that can cross the blood brain barrier. Image contrast will be determined by multiple factors, including the rate of probe clearance from the bloodstream, the rate and location of the cell death process, and the rate of dead cell clearance by the innate immune response. Thus, successful development of an effective cell death imaging probe requires the global optimization of a set of interdependent probe properties (Figure 3 ). For continued progress toward clinical imaging, structurally well-defined probe candidates must be produced in a cost-effective manner and tested in validated cell death animal models that mimic the genotypic and phenotypic traits seen in humans. The development of clinical methods for simultaneous imaging of cell death and other related physiological processes (metabolism, proliferation, angiogenesis) 13, 14 will greatly help clinicians diagnose diseases and make better decisions about personalized treatment options.
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